We study the phenomenological constraints and consequences in the flavor sector, of introducing a new fourth generation Z 2 odd vector-like lepton doublet along with a Standard Model (SM) singlet scalar and an SU (2) L singlet scalar leptoquark carrying electromagnetic charge of +2/3, both odd under a Z 2 . We show that with little fine tuning among the various Yukawa couplings in the new physics (NP) Lagrangian along with the CKM parameters, the model is able to push the theoretical value of R(D * ) th from 0.252 ± 0.003 to 0.263 ± 0.051 and R(D) th from 0.300 ± 0.008 to 0.313 ± 0.158 compared to the SM value. Especially the NP contributions are able to reduce the discrepancy between experiment and theory of R(D * ) substantially compared to SM. This is quite impressive given that the model satisfy all other very stringent constrains coming from neutral meson oscillations and precision Z-pole data.
I. INTRODUCTION.
The Standard Model (SM) of particle physics has been very successful in accounting for particle interactions and gives an admissible explanation for the electroweak symmetry breaking (EWSB) mechanism that agrees with all observed data. It has also been tested to a very high degree of precision and the discovery of the Higgs boson at the Large Hadron Collider (LHC) completed the last missing piece of the framework. However there are also several experimental observations such as that of neutrino-oscillation suggesting neutinos to have mass, existence of dark-matter (DM) and dark-energy in the Universe which definitely point to the incompleteness of our understanding and to physics beyond the SM (BSM).
With very little hint of any new physics (NP) discovery by direct searches at LHC at the moment there is huge interest in discrepencies observed in the flavor sector of particle physics. Recently many experiments have reported observed deviations from SM predictions in few observables such as R(D * ), R K ( * ) , muon (g − 2), etc. with statistical significance in the range of ∼ (2 − 4) σ, which could be, if not due to statistical fluctuations, strong hints of NP. The focus will therefore be on the upcoming precision machines such as Belle-II and LHCb.
In this work we carry out a phenomenological study by extending the SM with new particles and show how this extension can explain the deviations in R(D ( * ) ) without violating any experimental constraints. To do this we add an additional color-singlet matter multiplet in the form of a vector-like lepton doublet under SU(2) L . We also add a neutral scalar as well as an SU(3) c triplet scalar leptoquark (LQ), both singlets under the SU(2) L gauge group. The only additional requirement on all the additional particles is that they are odd under a discrete Z 2 symmetry. We then proceed to calculate the contributions from such a model to the R(D ( * ) ) and compare it to the observed deviations. We take into account all stringent constraints coming from flavor precision data on the model parameters including those coming from
, s, b, e, µ, τ ) and from Peskin-Takeuchi S, T and U parameters. We show that the new particles can contribute substantially to R(D * ) provided the parameters are tuned in a phenomenological way.
Our paper is organised as follows. In section II we give the new particle content and their interaction Lagrangian. In section III we discuss the relevant constraints that would restrict out fit on the parameters of the model with respect to limits coming from b → cτ ν τ , neutral meson oscillation data and Z-pole data. Finally in section IV we summarize our results and conclude.
II. MODEL DETAILS.
In this work we study a model which extends the SM particle content with a vector-like 
where i = 1, 2, 3 represent the SM quark generations and the couplings can be put as
. Similarly j = 1, 2, 3 represent the SM lepton generations and the couplings can be put as (h e , h µ , h τ ) for the leptons while m F is the mass of the new vector-like leptons. With the additional scalar LQ φ LQ and the complex scalar S, the most general scalar potential that is invariant under the full symmetry of the model can 
where H represents the SM Higgs doublet. The new scalar fields do not get any vacuum expectation value (VEV) and can be expressed as
Then we have a mass relation for the real and imaginary components of the scalars given by
HS v 0 where v 0 is the electroweak VEV for the SM Higgs. Note that for m S R − m S I > 0 the S R becomes the lightest component of the neutral singlet scalar S.
As the Z 2 remains unbroken, with m F larger than m S R this will be stable and can be a DM candidate. However we find that to fit our results for R(D * ) we require that its Yukawa couplings have to be large with the fermions as suggested by b → cτ ν τ data. This would lead to large annihilation cross section and therefore its contribution to the present relic density is expected to be small [1] which is acceptable and not ruled out. In this analysis, for simplicity we take m remain the same. Now we would like to point out that if we impose the condition
then the NP has no contribution to the K 0 −K 0 and B 0 −B 0 oscillations. Since these observables are very precisely measured and no deviations from the SM prediction have been reported, the above condition seems a quite natural experimental imposition. Note that in Eq. (5) the sign change of the first two rows of the CKM matrix elements is explicitly shown.
In addition to this it is favorable to have significantly large Yuakawa coupling strength for 1 The notation we use on the right side of Eq. (4) is by representing h j as h u , h c , h t to write it in a compact way. However these are the same as h d , h s , h b respectively, as pointed out below Eq. (1) and as written explicitly in Eq. (5).
the third generation interaction and we therefore choose the perturbative upper limit for the This is discussed in more detail in section III B.
A. Contribution to b → cτ ν τ .
In recent works in [3, 4] , it was shown that observed deviations from SM in the muon (g − 2), generation of small neutrino masses, Baryogenesis as well as the observed anomalies in R K ( * ) could be explained with new exotic scalars and leptons. Therefore it is very interesting to see whether exotic scalars and leptons can also explain the R(D * ), where
with ℓ = e, µ. A deviation from SM predictions in R(D ( * ) ) was first reported by Babar [5] followed by Belle [6] [7] [8] and LHCb [9, 10] , with the latest HFAG average of the experimental result amounting to [11] R(D)
These when compared to the SM predictions as given in [12, 13] respectively:
and taking the correlation between the two observables into account, the combined deviation from SM is around 4.1σ in these observables. Although the present HFAG world averages are well above the SM predicted values, the Belle results agrees with both the SM value as well as the HFAG world averages [14] , where HFAG world averages in these observables are still dominated by the Babar's data due to it having the least error of all the measurements till date.
In this model, there is no contribution to b → cτ ν τ transition at tree level, but at the box loop level there is contribution from NP to the quark level transition due to the Yukawa interactions shown in Eq. (1). The box loop diagram shown in Figure 1 from NP add coherently to the SM contribution and so we can express the effective Hamiltonian as [14] 
where (c, b)(τ, ν τ ) is the usual SM left handed vector four current operator and C N P in our model can be expressed as
where
are the Inami-Lim functions [15, 16] with We choose h e , h µ << h τ = 3.52 along with fixing the benchmark value of the masses well above the present respective experimental bounds [2] . For our calculation we assume deviation in R(D) from 2.3σ to 0.6σ. In Figure 2 we plot |1 + C N P | 2 as a function of m F while fixing m LQ = 900 GeV and m S = 150 GeV. The NP contribution goes down as m F increases as shown in Figure 2 and falls to 1% of the SM value as m F ∼ 1 TeV.
].
The (c, b)(τ, ν τ ) current can also contribute to B c → τ ν τ with same |1+C N P | 2 = 1.04208, however this is much smaller than the present allowed limit given as |1 + C N P | 2 allowed = 1.69 [17] . Similarly NP contribution to D s → τ ν τ is negligible compared to SM as well. Note that with the additional particle content of the model and their Yukawa interaction terms we also get NP contributions to hadronic decay of τ . The decay τ → (Kπ)ν τ is proportional to the product of couplings h 
where introducing a factor of
to take into account the Wick contraction and color structure over counting 3 , we have
and so with ∆M
where f B 0 s is the B 0 s decay form factor and B(µ) is a QCD scale correction factor, their values are taken from [22, 23] .
Then with the values of the Yukawa couplings and masses given in the previous section we get Re(∆M When expanded in terms of creation and annihilation operators, there will be four terms, two from each diagrams, only two will contribute to the real process but when summed all four are summed so a factor 1 2! to compensate it; and also when summed over the colors, we sum over the two different possible color singlet arrangements but only one actually contribute, so a factor 1 2! to compensate that, actually these over counted factor of 4 are in [23], the above NP contribution is well within the error in the latest SM calculation. We would like to point out that the previous SM calculations in Refs. [22, 24] agrees with the experimental value but their errors are larger than the latest SM prediction. Since NP contribution is allowed to be as large as the SM and experimental errors added in quadrature, if we take the previous SM predictions, NP contribution is allowed to be little larger than the above value. Note that in all the above calculations we have taken the hadronization parameters from Refs. [22, 23] and the experimental values from PDG [2] .
Due to h d being complex, we also have a non-zero imaginary component of ∆M T eV −2 and find the NP contribution to be around two orders of magnitude smaller than the present experimental bound at 2σ.
C. Z pole constrains.
For theoretical calculations of contribution from new fermions to the Z decay into two fermions via higher order loops, we have used [1]
and
with Γ putting the NP contribution an order of magnitude smaller than the experimental error.
The contributions from NP to Br(Z →ēe) and Br(Z →μµ) are negligible compared to the experimental errors since we assume that h e , h µ << 1 (which is required to explain the R(D ( * ) ) anomalies). For the third generation lepton where we have h τ large we get
Br(Z →τ τ ) N P ≈ 7.62 × 10 −9 and Br(Z →νν(invisible)) N P ≈ 2.47 × 10 −8 compare to
Exp error . Here again the NP contributions are negligible. All the experimental values are taken from the latest PDG averages [2] .
Regarding the contributions of the new states [25] , to the Peskin-Tekeuchi S, T and U parameters, we find that with the above given masses of the new fermions we have S ≈ 0.0203, T ≈ 0 and U ≈ 0 in our model, which are well within the present experimental bounds on these parameters [26] .
IV. CONCLUSIONS.
In this work we have introduced a vector like fourth generation lepton doublet ( Especially the NP contribution is able to reduce the discrepancy between experiment and theory in R(D * ) substantially. In addition the mass of the newly introduced states required to give a large contribution to the R(D * ) lie in a range which will be directly probed at the LHC with higher luminosity. Thus the model presents robust phenomenological consequences accessible at both the high energy collider experiment such as the LHC as well as leaving imprints in the flavor sector.
We find that while accommodating the large contributions to R(D ( * ) ) the model does not violate any other observations and is found to satisfy all other stringent constraints coming from neutral meson oscillations and precision Z-pole data.
